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Abstract 

Background: Cathepsin K (CatK), a cysteine protease with the potent elastolytic activity, plays a predominant role in 
intracellular elastin degradation in human dermal fibroblasts (HDFs), and contributes to solar elastosis. In previous studies, 
CatK expression was downregulated in photoaged skin and fibroblasts, but upregulated in acute UVA-irradiated skin and 
fibroblasts. The underlying mechanisms regulating UVA-induced CatK expression remain elusive. 

Objective: J\r\\s study investigates mechanisms involved in the regulation of UVA-induced CatK expression in HDFs. 

Methods: Primary HDFs were exposed to UVA. Cell proliferation was analyzed using a colorimetric assay of relative cell 
number. Quantitative real-time RT-PCR and Western blot were performed to detect CatK expression in HDFs on three 
consecutive days after 10 J/cm^ UVA irradiation, or cells treated with increasing UVA doses. UVA-activated MAPK/AP-1 
pathway was examined by Western blot. Effects of inhibition of IVIAPK pathway and knockdown of Jun and Fos on UVA- 
induced CatK expression were also measured by real-time RT-PCR and Western blot. 

Results: UVA significantly increased CatK mRNA and protein expression in a dose-dependent manner. UVA-induced CatK 
expression occurred along with UVA-activated phosphorylation of JNK, p38 and Jun, UVA-increased expression of Fos. 
Inactivation of JNK and p38MAPK pathways both remarkably decreased UVA-induced CatK expression, which was 
suppressed more by inhibition of JNK pathway. Furthermore, knockdown of Jun and Fos significantly attenuated basal and 
UVA-induced CatK expression. 

Conclusion: UVA is capable of increasing CatK expression in HDFs, most likely by activation of IVIAPK pathway and of AP-1, 
which has been shown to be the case for matrix metalloproteinases. As current strategies for selecting anti-photoaging 
agents focus on their ability to decrease MIVlPs' expression through inhibiting UV- activated MARK pathway, future 
strategies should also consider their effect on CatK expression. 
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introduction 

Photoaging is histologically characterized by reduced content of 
dermal collagen fibers and accumulation of dystrophic elastotic 
material, the latter commonly termed solar elastosis [1]. Studies on 
photoaging mainly focus on decreased coUagen caused by 
increased matrix metalloproteinases (MMPs)' degradation, but 
fewer consider solar elastosis. Although the pathogenesis of solar 
elastosis has been considered mainly because of overproduction 
and/or decreased degradation of elastic fibers [2], the exact 
mechanism remains elusive. Elastase secreted by infiltrating 



neutrophils is often reported to be a major player in elastin 
degradation [3]. MMP-2, MMP-7, MMP-9 and MMP-12 also 
have elastolytic activity [4,5]. All these proteases are secreted to 
mediate elastin degradation in the extracellular space. Sustained 
increase of their expression has been shown in the UV-exposed 
skin [4,6], yet they can't counteract the increased synthesis of 
elastin in solar elastosis. 

Cathepsin K (CatK) is a member of the cystein protease family 
with potent elastolytic and coUagenolytic activity, which contrib- 
utes to maintenance of the extracellular matrix homeostasis in 
tissues such as the bone, lung, synovia and skin [7-10]. In contrast 
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Figure 1. UVA increases CatK expression at both mRNA and protein levels for three consecutive days in human dermal fibroblasts. 

Cultured fibroblasts were irradiated with sham and 10 J/cm'^ UVA. Cells were harvested on three consecutive days after irradiation for RNA and 
protein extraction. (A) Total cellular RNA was analyzed by real-time RT-PCR for CatK. (B) Cell lysates were analyzed by Western blot with anti-CatK 
antibody. The blot was reprobed with anti-GAPDH to confirm equal loading. Bar graphs represent the relative band intensities (mean±SD from three 
independent experiments). *P<0.05 vs. untreated control, §P<0.05 vs. UVA-treated groups 24 h and 72 h after irradiation. 
doi:10.1371/journal.pone.0102732.g001 



PLOS ONE I www.plosone.org 



2 



July 2014 I Volume 9 | Issue 7 | e102732 



UVA-lnduced Cathepsin K Expression and MAPK/AP-I Pathway 




Control 10J/cm2 20J/an2 30J/cm2 



B 




Figure 2. UVA induces CatK expression in a dose-dependent manner. Cultured fibroblasts were mock irradiated or irradiated with 10 J/cm^ 
UVA, 20 J/cm^ UVA and 30 J/cm^ UVA. Cells were harvested 48 h after UVA irradiation for total RNA and protein extraction. (A) Quantitative analysis 
of CatK mRNA level with real-time RT-PCR. (B) Analysis of CatK protein level by western blot using anti-CatK antibody. Blots were reprobed with anti- 
GAPDH to confirm equal loading. Bar graphs represent the relative band intensities (mean±SD from three independent experiments). *P<0.05 vs. 
untreated control, §P<0.05 vs. both other dose-treated groups. 
doi:1 0.1 371/journal.pone.01 02732.g002 
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Figure 3. Time courses for UVA-induced iVlAPK activation and AP-1 activity. Cells were mock-irradiated or irradiated with 10 J/cm^ UVA and 
harvested at the indicated time points. Western blot analysis was performed and the representative data of three independent experiments were 
shown. Figure showed the expression of (A) JNK; (B) p38; (C) Jun; (D) Fos. 
doi:1 0.1 371 /journal.pone.01 02732.g003 
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Figure 4. Inhibitory effects of SP600125 and SB203580 on UVA-activated MAPK patliway. Cells were pretreated with 800 nM SP600125 
or 10 (iM SB203580 for 1 h, mock-irradiated or irradiated with 10 J/cm^ UVA, and then incubated in culture medium supplemented with MAPK 
inhibitors for 1.5 h. Fifteen micrograms of total cellular lysate was electrophoresed on 10% SDS polyacrylamide gels, transferred to a PVDF 
membrane, and immunodetected using optimal primary and secondary antibody concentrations. Western blot data are representative of three 
independent experiments. (A) Effects of SP6001 25 and SB203580 on JNK activity through detection of changes in Jun phosphorylation; (B) Effects of 
SP600125 and SB203580 on p38 activity through detection of changes in MAPKAPK-2 phosphorylation. *P<0.05 vs. untreated control, §P<0.05 
vs.UVA-treated control. 
doi:1 0.1 371/journal.pone.01 02732.g004 



to the extracellular elastolytic proteases, GatK degrades internal- 
ized elastin in the lysosomes of dermal fibroblasts, and plays a 
predominant role in the intracellular elastin degradation [11]. 
Intracellular and extracellular elastin degradations are likely inter- 
dependent and may act in concert. We recendy reported that 
GatK expression of mRNA and protein is decreased in photoaged 
skin in vivo and fibroblasts in vitro [12]. Decreased GatK 
expression probably leads to diminished elastin degradation and 
contributes to solar elastosis. However, UVA upregulates GatK 
expression in acute UVA-irradiated dermal fibroblasts and explant 
skin [11]. Littie is known about the mechanisms whereby UVA 
induces expression of GatK in human dermal fibroblasts. 

UVA can acti\ate mitogen-arti\'ated protein kinase (MAPK) 
pathway. Its activation leads to activator protein- 1 (AP- 1 ) induc- 
tion, which regulates the transcription of MMP genes [13]. 
Moreover, MAPK/AP-1 pathway mediates GatK expression 
induced by different stimuli in various cells [14—16]. In articular 
chondrocytes, GatK is enhanced by the N-terminal telopeptide of 
collagen type II via the activation of p38MAP kinase [14]. 
p38MAP kinase is also essential for the induction of GatK gene 
expression by RANKL in osteoclasts [17]. Furthermore, AP-1 
stimulates the GatK promoter in RAW 264.7cells [18]. We 
hypothesize that UVA-induced GatK expression in human dermal 
fibroblasts, similar to MMPs, may also be mediated by MAPK/ 
AP-1 pathway. 

This study investigates whether MAPK/AP-1 pathway is 
involved in the regulation of UVA-induced GatK expression in 
human dermal fibroblasts, by inhibition of JNK and p38MAPK 
pathways and knockdown of Jun and Fos. 

Materials and Methods 

Ethics Statement 

Parents on behalf of their children enrolled signed an informed 
consent form. They were told about our research objectives and 
their privacy and anonymity were protected. The consent 

procedure was conducted according to the principles expressed 
in the Declaration of Helsinki. Both the consent procedure and 
our study were approved by the Glinical Research Ethics 
Gommittee at the Third Afiihated Hospital of Sun Yat-sen 
University, Guangzhou, Ghina (No: [20 10] 2-22). 

Reagents 

All inhibitors (SP600125, aJNK-specific inhibitor; SB203580, a 
p38-specific inhibitor) were purchased from Galbiochem (San 
Diego, GA). Anti-human GatK antibody (#19027) was obtained 
from Abcam(Gambridge, MA, USA). Primary' antibodies against 
phospho-JNK (P-JNK, #9251), JNK(#9258), phospho-p38 (P- 
p38, #4511), p38(#9212), phospho-Jun (P-Jun, #3270), 
Jun(#9165), phospho-MAPKAPK-2(P-MAPKAPK-2, #3316), 
Fos(#2250), GAPDH(#2118) and anti-rabbit HRP-conjugated 
secondary antibody(#7074) were purchased from Gell Signaling 
Technology (Boston, MA, USA). siRNA targeting Jun (SA- 
SI_HsO2_00333461, sense strand: 5'- GAUGGAAAGGAG 



GUU GUA UdTdT -3', anti-sense strand: 5'-AUAGAAGGUG- 
GUUUGGAUGdTdT-3'), Fos (SASI_HsOl_00 115496, sense 
strand:5'-GAGAGAUGAUGUUUGAGGAdTdT-3', anti-sense 
strand:5 '-UGGUCAAAGAUGAUGUGUGdTdT-3'), and non- 
targeting control siRNAs were obtained from Sigma-Aldrich 
(Shanghai, Ghina). Lipofectamine RNAiMAX transfection re- 
agent and Opti-MEM were bought from Invitrogen and Gibco 
(Grand Island, NY, USA) respectively. 

Cell culture 

Human dermal fibroblasts isolated from circumcised foreskins 
aged from 6 to 9 years were cultured in Dulbecco's modified 
Eagle's media (DMEM; Gibco, Grand Island,NY, USA) supple- 
mented with 100 U/mL penicillin/streptomycin and 10% fetal 
bovine serum(FBS; Gibco). They were grown at 37°G in a 
humidified 5% G02 atmosphere and used for experiments up to 
passage number ten. Repeat experiments were performed using 
cells from different donors. 

UVA irradiation and CCK-8 assay 

Philips UVA TLIORS lamps with an emission spectrum 
between 320 and 400 nm were the UVA source. UVA dose was 
measured using a UVA radiometer (Sigma, Shanghai, Ghina). 
Briefly, cells in culture plates were rinsed twice with phosphate- 
buffered saline (PBS). Then irradiations were performed with cells 
under a thin layer of PBS. Mock-irradiated control cells under 
PBS were put in clean bench, and covered with foil. Immediately 
after irradiation, PBS was replaced with fresh culture medium, and 
cells were incubated for the indicated time. 

A cell counting kit-8(GGK-8, Dojindo, Japan) assay was used to 
determine cell viability. It is based on the dehydrogenase activity 
detection in viable cells. The formazan dye generated by 
dehydrogenases absorbs light of a wavelength of 450 nm. The 
amount of the formazan dye in cells is directly proportional to the 
number of living cells. In brief, cells were incubated in 96-well 
culture plates overnight, and then treated with UVA irradiation or 
inhibitors. After incubation in fresh culture medium for 24 h, 
10 |tL GGK-8 solution was added. Gells were incubated at 37°G 
for 4 h. Absorbance was analyzed at 450 nm using an ELISA 
reader. 

Treatment of MAPK inhibitors 

SP600125 and SB203580, which inhibit phosphorylation of Jun 
and MAPKAPK-2 respectively [19,20], were chosen to block JNK 
and p38 activation accordingly. They were dissolved in dimethyl 
sulfoxide (DMSO) (10 mM stock solution), and diluted with 
culture media at the indicated concentrations. Silvers el al [21] 
noted that the combination of 250 kj/m^ UVA with low doses of 
SP600125 resulted in dramatic morphologic changes and 
increased cell death. Therefore, we used GGK-8 assay to 
determine the final SP600125 concentration. 10 jxM SB203580 
concentration was used according to manufacture's instruction. 
GeUs were pretreated with inhibitors for 1 h before UVA 
irradiation, and incubated with inhibitors till harvesting. 
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Figure 5. Inhibitory effects of SP600125 and SB203580 on UVA-induced CatK expression. Cells were pretreated with 800 mM SP600125 
or 10 (iM SB203580 for 1 h, mock-irradiated or irradiated with 10 J/cm^ UVA, and then incubated in culture medium supplemented with MAPK 
inhibitors for 48 h. (A) Effects of SP600125 and SB203580 on UVA-induced CatK mRNA expression. Total cellular RNA was isolated at 48 h after 
irradiation, and was analyzed by real-time RT- PCR for CatK. (B) Effects of SP600125 and SB203580 on UVA-induced CatK protein expression. Total 
cellular protein was harvested at 48 h after irradiation. Cell lysates were analyzed by Western blot with anti-CatK antibody. Blots were reprobed with 
anti-GAPDH to confirm equal loading. Bar graphs represent the relative band intensities (mean±SD from three independent experiments). *P<0.05 
vs. untreated control, §P<0.05 vs. UVA-treated control, |P<0.05 vs. UVA and SB203580-treated control. 
doi:1 0.1 371/journal.pone.01 02732.g005 



Transient silencing of Jun and Fos 

5x10* primary fibroblasts per well were seeded in 6-well plates 
overnight, then were transfected at 50-70% confluence with 
50 nM Jun siRNA and 50 nM Fos siRNA using Lipofectamine 
RNAiMAX transfection reagent according to the manufacturer's 
protocol. The silencing efficiency of slRNA was determined by 
detecting the expression of Jun and Fos at the mRNA and protein 
levels in transfected cells. At 24 h after transfection, medium was 
replaced with PBS, cells were irradiated by lOJ/cm^ UVA or 
mock treated before transferred into fresh culture medium for an 
additional 48 h. RNA and protein were then harvested for 
quantitative real-time RT-PCR and Western-blot analysis for 
CatK. 

RNA extraction and quantitative real-time RT-PCR 

Total RNA was isolated using Trizol (Invitrogen, Germany) 
according to the manufacturer's instruction and quantified 
spectrophotometrically. One microgram of total RNA from each 
sample was subjected to first-strand cDNA synthesis using a 
PrimeScript RT reagent kit (TaKaRa Bio Inc.) at 37°C for 15 min 
and 85°C for 5 s. Real-time PCR amplifications were performed 
on ABI PRISM 7500 Sequence Detection System with SYBR 
Premix Ex Taq TM (TaKaRa Bio Inc.). Primers for PCR reaction 
were: CatK, 5'-GTCTGAGAATGATGGCTGTGGA-3' (for- 
ward) and 5'- CATTTAGCTGCCTTGCCTGTTG-3'(reverse) 
with a product size of i50 bp; Jun, 5'-GAAGTGTCCGAGAAC- 
TA.4.4G-3 ' (forward), 5 '-AAAAGTCCAACGT-TCCGTTC-3 ' 
(reverse) with a product size of 189 bp; Fos, 5'- TCTCCAGTGC- 
C AACTTC ATT-3 ' (forward), 5 '-GTGTATC AGTC AGCTCC- 
CTC- 3'(reverse) with a product size of 330 bp; GAPDH, 5'- 
GCACCGTCAAGGCTGAGA-AC-3' (forward) and 5'-TGGT- 
GAAGACGCCAGTGGA- 3' (reverse) with a product size 
ofl38 bp. The PCR cycles were 95°C for 30 s, followed by 40 
cycles of 95°C for 5 s and 60°C for 20 s. Gene expression was 
normsdized to the level of GAPDH in a given sample, and was 
quantified using the comparative Ct method. ACt (Ct target- Ct 
endogenous control) and AACt(ACt target-ACt calibrator) were 
determined according to the ABI Prism 7500 sequence detection 
system user guide. Relative expression levels of target genes were 
calculated using 2 ^'^^ as the fold-increase over controls [18]. 

Western-blot analysis 

Total cellular protein was extracted with the total protein 
extraction kit (KeyGen Biotech, Nanjing, China). Protein concen- 
tration was determined using a BCA protein assay kit (Key-Gen 
Biotech). Equal amounts of protein were analyzed using 
10%SDS-PAGE, and transferred to a PVDF membrane. Anti- 
CatK and anti-GAPDH antibodies were diluted at 1:500 and 
1:4000 respectively. Primary antibodies against P-JNK, JNK, P- 
p38, p38, P-Jun, Jun, P-MAPKAPK-2 and Fos were diluted at 
1:1000, and incubated with membranes overnight at 4°C. 
Following subsequent incubation with a secondar)- antibody, blots 
were visualized with enhance chemiluminescence (Millipore, 
Billerica, MA, USA). Bands on X-ray film were scanned with 



GS-800 Calibrated Densitometer (Bio-rad, USA). The intensity of 
bands was quantified with Quantity one software. All values were 
normalized to the corresponding GAPDH. 

Statistical analysis 

Results were representative of at least three independent 
experiments. All values were expressed as means ± SD. Statistical 

significance was determined by a one-way analysis of variance 
(ANOVA), foUowed by the LSD test. P values of <0.05 were 
considered statistically significant. 

Results 

UVA induces CatK mRNA and protein expression in a 
dose-dependent manner 

To determine whether UVA stimulates CatK expression in 
human dermal fibroblasts, we studied mRNA and protein 
expression of CatK. Twenty-four hours after irradiation, doses 
of up to 10 J/cm^ UVA did not change cell morphology, and 
resulted in more than 90% viable cells. Therefore, 10 J/cm^ UVA 
exposure was used in most of the following experiments. 
Irradiation of cultured dermal fibroblasts with lOJ/cm^ UVA 
increased both mRNA and protein expression of CatK for three 
consecutive days with a maximum 48 h after irradiation (Fig.l). 
Furthermore, CatK mRNA and protein expression were induced 
by UVA treatment in a dose-dependent manner (Fig. 2). Pro- 
(upper band, 37 kd) and active (lower band, 25 kd) forms of CatK 
were detected with Western-blot analysis, and UVA increased the 
expression of both. 

UVA activates IVIAPK pathway and increases the 
expression of P-Jun and Fos 

Since UVA doesn't activate ERK in human skin fibroblasts 
[22], we didn't study the activation of this pathway. Analysis of 
Western-blot was performed to detect the time courses of P JNK, 
P-p38, P-Jun and Fos, begirming 0.75 h and spanning 6 h after 
UVA irradiation. As shown in Fig.3A, B and D, P-JNK, P-p38 and 
P-Jun were significantly induced between 0.75 h~1.5 h, and 
subsequently declined, whereas the level of total JNK and p38 
MAPK was unaffected. Increased expression of Fos was detected 
at 0.75 h and persisted till 6 h after treatment, with the maximal 
expression between 0.75 h and 1.5 h (Fig.3D). In addition, 
expression of Jun was also increased at 0.75 h after irradiation 
(Fig.SC). 

Inhibition of MAPK pathway decreases UVA-induced 

CatK expression 

UVA activates MAPK pathway and increases CatK expression. 
Therefore, we examined the relationship between MAPK 
activation and UVA-induced CatK expression in human dermal 
fibroblasts. First, we evaluated effects of pharmacologic MAPK 
cascade inhibitors on UVA-induced MAPK activation. Twenty- 
four hours after the combined treatment of lOJ/cm^ UVA 
irradiation and SP600125 at concentration of 1 [iM or higher, a 
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Figure.6. Silencing effect of Jun and Fos siRNA on UVA- 
induced CatK expression. Cells were cotransfected at 50-70% 
confluence with 50 nM Jun siRNA and 50 nM Fos siRNA, or 50 nM non- 
targeting control siRNA (NC) according to the manufacturer's protocol. 
At 24 h following transfection, the medium was replaced with PBS, cells 
in control (C), non-targeting-siRNA transfected control (NC) and Jun and 
Fos siRNA transfected group (siRNA) were not irradiated, whereas cells 
in UVA-C, UVA-NC and UVA-siRNA were irradiated by 10 J/cm^ UVA, and 
then incubated with fresh culture medium for an additional 48 h. (A) 
mRNA level of Jun and Fos in their siRNA-transfected fibroblasts. (B) 
protein level of Jun and Fos in their siRNA-transfected fibroblasts.(C) 
Effect of Jun and Fos siRNA on UVA-induced CatK mRNA expression. 
Total cellular RNA was isolated at 48 h after irradiation, and was 
analyzed by real-time RT-PCR for CatK. (D) Effect of Jun and Fos siRNA 
on UVA-induced CatK protein expression. Total cellular protein was 
harvested at 48 h after irradiation,then was analyzed by Western blot 
with anti-CatK antibody. *P<0.05 vs. untreated control, §P<0.05 vs. 
UVA-treated control. 
doi:1 0.1 371/journal.pone.01 02732.g006 

significant decrease in cell viability was observed. Therefore, we 
used 800 nM SP600125 in the foUowing experiments. 

As shown in (Fig.4A and 4B), treatment of fibroblasts with 
800 nM SP600125 resulted in a significant decrease of UVA- 
induced P-Jun without affecting p38 activation, implying that JNK 
activation could be effectively and specifically inhibited by 800 nM 
SP600125. Also, 10 |xM SB203580 was found to significandy 
suppress expression of UVA-stimulated phospho-MAPKAPK-2, 
whereas activation of JNK was not altered, suggesting that p38 
activation could be selectively inhibited. 

Next, we investigated effects of MAPK inhibitors on UVA- 
induced CatK expression. Analysis by real-time RT-PCR revealed 
that treatments with 800 nM SP600125 and 10 \iM SB203580 
significandy attenuated UVA-stimulated CatK mRNA expression 
by approximately 61% and 44.3% respectively, compared with 
UVA-treated control (P<0.05)(Fig.5A). Furthermore, western blot 
showed that SP600125 and SB203580 also obviously decreased 
UVA-induced upregulation of CatK protein by approximately 
71.3% and 50.9% respectively, compared with UVA-exposed 
control (P<0.05) (Fig.5B). Unlike treatment of SP600125, that of 
SB203580 was found to inhibit mRNA and protein expression of 
CatK in non-UVA-treated cells. In addition, SP600125 was more 
effective in suppressing both mRNA and protein levels of UVA- 
induced CatK than SB203580. 

Knockdown of Jun and Fos by siRNA reduces UVA- 
induced CatK expression 

Activation of MAPK pathway increases AP- 1 activity. There- 
fore, we are interested in determining whether UVA-induced 
CatK expression is also mediated by AP-l.We transiendy 
cotransfected fibroblasts with Jun siRNA and Fos siRNA to 
decrease AP-1 expression. Transfection of siRNA was confirmed 
to markedly reduce the expression of Jun and Fosat the mRNA 
and protein levels in transfected cells, compared with untreated or 
non-targeting siRNA-treated controls (P<0.05). Finally, we 
studied the effect of knockdown of Jun and Fos on UVA-induced 
CatK expression. By analysis of real-time RT-PCR and Western- 
blot, we noted that cotreatment of Jun siRNA and Fos siRNA 
significandy attenuated UVA-stimulated expression of CatK 
mRNA and protein by approximately 44.6% and 71.2% 
respectively, compared with UVA-treated control (P<0.05) 
(Fig 6C, 6D). Moreover, siRNA transfection remarkably reduced 
basal CatK expression. In contrast, CatK expression in UVA- 
treated or non-UVA-treated fibroblasts was not changed by non- 
targeting siRNA. 
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Discussion 

Solar elastosis is a hallmark of photoaged skin. It has been found 
to be closely associated with proteases, such as elastases, MMPS 
and CatK [1 1,23,24,25]. CatK has recendy been reported to play 
a prominent role in intracellular elastin degradation in comparison 
with extracellular elastolytic activity of elastases and MMPs [11]. 
MAPK/AP-1 pathway can be activated by UVA and regulates 
MMPs expression in human dermal fibroblasts [13]. Thus, we are 
interested in whether UVA-induced CatK expression in human 
dermal fibroblasts is also mediated via this pathway. 

CatK is strongly expressed in lysosomes of dermal fibroblasts 
[7] . We studied effect of UVA irradiation on CatK expression in 
dermal fibroblasts. Our data demonstrated that UVA increased 
CatK expression for three consecutive days (Fig. 1) with maximal 
induction on the second day, suggesting that single UVA- 
irradiation may induce CatK expression transiendy, two days 
later CatK expression begins to restore. Moreover, UVA dose- 
dependently enhanced CatK expression (Fig. 2). Our finding 
confirms the previous study that UVA up-regulates CatK 
expression both in fibroblasts in vitro and in skin in vivo [11]. 
However, we recendy reported that CatK expression was 
decreased in photoaged human skin and fibroblasts [12]. Since 
elastin and fibrillin expression in sun-damaged skin is increased 
several-fold [26], we hypothesize that enhanced CatK expression 
early after UVA irradiation may be a protective mechanism, 
which helps degrade increased elastin synthesis. Along with 
photoaging, UV-induced mitochondrial DNA deletion [27], 
acceleration of decorative telomeres and DNA damage may result 
in the decreased expression of CatK [28-30], which further causes 
solar elastosis. Regardless, the exact mechanisms about the 
regulation of CatK expression in UVA - irradiated fibroblasts 
remain elusive and need to be further studied. 

UVA activates JNK and p38MAPK pathways [13], which are 
specifically inhibited by SP600125 and SB203580 respectively 
[20,31]. Our study confrrmed that 800 nM SP600125 and 10 |a,M 
SB203580 effectively and selectively suppressed UVA-induced 
activation of MAPK pathway (Fig.4A and 4B). Inactivation of 
JNK pathway was shown to attenuated UVA-stimulated CatK 
expression from transcription to protein levels more significandy 
than that of p38MAPK pathway (Fig.5A and 5B), indicating that 
UVA-induced CatK expression is regulated by both JNK and 
p38MAPK pathways, probably more by JNK pathway. Our 
finding is consistent with other studies. p38MAPK pathway was 
previously reported to be required for induction of CatK mRNA 
by free cholesterol accumulation in mouse peritoneal macrophag- 
es[15]. Furthermore, both CatK gene expression and promoter 
activity in osteoclasts were stimulated by p38MAPK activation 
[17,32]. In addition, tumor necrosis factor alpha stimulated CatK 
activity via JNK activation in endothelial cells [16]. However, 
Anke Ruettger et al [14] observed that CatK expression in 
articular chondrocytes was enhanced by the N-terminal telopep- 
tide of collagen type II via p38MAPK pathway, but not through 
JNK pathway. Collectively, these studies strongly suggest that 
CatK expression is tightly regulated by MAPK pathway. 
Nevertheless, the incomplete blocking of UVA-induced CatK 
expression by MAPK inhibitors might suggest other signaling 
pathways involved. 

Since activation of MAPK pathway enhances transactivation of 
AP-1, we hypothesize that AP-1 may play a role in the regulation 
of UVA-induced CatK expression. Analysis of real-time RT-PCR 
and western blot revealed that knockdown of Jun and Fos 



significandy decreased both basal and UVA-stimulated CatK 
expression at transcriptional and protein levels (Fig. 6C and 6D), 
indicating that AP- 1 partic ipates in the regulation of basal and 
UVA -induced CatK expression. Similar to our findings, members 
of the AP-lfamily have been reported to regulate CatK 
transcription in RAW cells [32]. A mouse homologue of Jun 
dimerization protein 2 activates CatK promoter in transient 
transfections of mouse preosteoclast RAW cells [33]. Moreover, 
Pang et al [18] noted that siRNA targeted against c-Jun or JunB 
significandy inhibited CatK mRNA expression in response to 
RANKL, and proposed that the promoter region of CatK gene 
might contain potential AP- 1 binding sites. However, Sharma ei al 
[34] described an AP- 1 independent interaction of transcription 
factors at ~1500 bp of CatK promoter, suggesting that regulation 
of different promoter regions may interact to regulate CatK gene 
expression in osteoclasts. Further studies are needed to clarify the 
mechanism underlying the response of CatK promoter to AP-1 
and whether AP-1 directiy binds to CatK promoter and/or 
interacts with other nuclear factors to enhance CatK transcription 
in fibroblasts. 

The limitation of the present study is that we didn't investigate 
the effect of cell density on CatK expression. CatK expression is 
found higher in the confluent skin fibroblasts than the exponen- 
tially growing fibroblasts [7], and is much more increased on days 
3-7 than day 2 after cells reaching confluence [35]. Since cell 
density would be increasingly higher at later time points, we 
seeded the same number of cells to the same size culture plates, 
and used cells seeded to plates at the same time for the each time 
experiment to exclude the effect of cell density on CatK 
expression. Considering that UVA irradiation induces both cell 
death and cell cycle arrest [36], it is likely that UVA might 
decrease CatK expression. However, in accordance with previous 
study [11], the present study showed that UVA increased CatK 
mRNA and protein expression. One possible explanation is that 
UVA-induced CatK expression may be regulated more by 
MAPK/AP-1 pathway than cell density. Nevertheless, the exact 
mechanism remains to be studied. 

In conclusion, our study revealed that UVA could increase 
CatK expression early after irradiation in fibroblasts, which could 
be attenuated not only by inhibition of JNK and p38 MAPK 
pathways, but also by knokdown ofjun and Fos. This suggests that 
MAPK pathway is probably involved in UVA-induced CatK 
expression through upregulation of AP-1 activity. The breakdown 
of dermal collagen in photoaging has been documented to be 
associated with UV-induced MMPs expression, which is also 
regulated by MAPK/AP-1 pathway [37] [38]. Currently, some 
anti-photoaging agents are chosen according to their ability to 
decrease MMPs expression through inhibiting UV- activated 
MAPK pathway. Based on our data, such agents, however, might 
increase the risk of decreasing CatK expression, which wiU 
contribute to solar elastosis. Our finding presents a new possible 
molecular basis for anti-photoaging therapy. 

Acknowledgments 

We would like to thank Prof. Zijie Long, Institute of Hematology, Sun Yat- 
sen University, for help with revising this article. 

Author Contributions 

Conceived and designed the experiments: WL QX. Performed the 
expcriniciils: ()X ^\'H YZ. Analyzed the data: C. Liu. ConlribuLod 
reagents/maLcrials/analysis tools; ZG C. Lu. Wrote the paper; QX HIM. 



PLOS ONE I www.plosone.org 



10 



July 2014 I Volume 9 | Issue 7 | e102732 



UVA-lnduced Cathepsin K Expression and MAPK/AP-1 Pathway 



References 

1. Fisher (ij, Kang S, VaraniJ, Bata-Gsorgo Z. Wan Y, ct al. (2002) Mechanisms 
of photoaging and chronological skin aging. Arch Dermatol 138: 1462-1470. 

2. MutoJ, Kuroda K, Wachi H, Hirose S,Tajima S (2007) Accumulation of elafm 
in actinic clastosis of sun-damaged skin: elafin binds to elastin and prevents 
elastolytic degradation. J Invest Dermatol 127: 1286-1366. 

3. Starcher B, Conrad M (1995) A role for neutrophil elastase in the progression of 
solar elastosis. Connect Tissue Res 31: 133-140. 

4. Saarialho-Kere U, Kerkela E, Jeskanen L, Hasan T, Pierce R, et al. (1999) Accu- 
mulation of matrilysin (MMP-7) and macrophage metaUoelastase (MMP-12) in 
actinic damage. J Invest Dermatol 113: 664-672. 

5. Thompson M, Cockerill G (2006) Matrix mctalloproteinase-2: the forgotten 
enzvme in aneurysm pathogenesis. Ann N Y Acad Sci 1085: 170-174. 

6. Tsukahara K, Takema Y, Aloriwaki S, Tsuji N, Suzuki Y, et al. (2001) Selecti\'e 
inhibition of skin fibroblast elastase elicits a concentration-dependent prevention 
of ultraviolet B-induced wrinkle formation. J Invest Dermatol 117: 671—677. 

7. Runger TM, Quintanilla-Dieck MJ, Bhawan J (2007) Role of cathepsin K in the 
turnover of the dermal extracellar matrix during scar formation. J Invest 
Dermatol 127: 293-297. 

8. Biihling F, Roeken G, Braseh F, Hartig R, Yasuda Y, ct al. (2004) Pivotal role of 
cathepsin K in lung fibrosis. Am J Pathol 164: 2203-2216. 

9. Van den Brule S, Misson P, Biihling F, Lison D, Huaux F (2005) Overexpression 
of cathepsin K during silica-induced lung fibrosis and control by TGF-beta. 
Resp Res 6: 84-97. 

10. Hou \VS, Li Z, Gordon RE, Ghan K, Klein MJ, ct al. (2001) Cathepsin K is a 
critical protease in synovial libroblast-mediated collagen degradation. 
AmJ Pathol 159: 2167-2177. 

11. Codriansky KA, Quintanilla-Dieck MJ, Gan S, Keady M, Bhawan J, et al. 
(2009) Intracellular degradation of elastin by cathepsin K in skin fibroblasts- a 
possible role in photoaging. Photochem Photobiol 85: 1356-1363. 

12. Zheng Y, Lai W, Wan M, Maibaeh HI (2011) Expression of eathepsins in 
human skin photoaging. Skin Pharmacol Physiol 24: 10-21. 

13. Fisher GJ, Voorhees JJ (1998) Molecular mechanisms of photoaging and its 
prevention by rctinoic acid: ultraviolet irradiation induces MAP kinase signal 
transduction cascades that induce AP- 1 -regulated matrix metalloproteinases that 
degrade human skin in vivo. J Investig Dermatol Symp Proc 3: 61-68. 

14. Ruettger AL, Schueler S, Mollenhauer JA, Wiederanders B (2008) Cathepsins 
B,K and L are regulated by a defined collagen type II peptide via activation of 
classical protein kinase C and p38 MAP kinase in articular chondrocytes. J Biol 
Chem 283: 1043-1051. 

15. Sun Y, Ishibashi M, Seimon T, Lee M, Sharma SM, et al. (2009) Free 
cholesterol accumulation in macrophage membranes activates Toll-like 
receptors and p38 mitogcn-activated protein kinase and induces cathepsin K. 
Circ Res 104: 455-465.' 

16. Keegan PM, Wilder GL, Piatt MO (2012)'rumor necrosis factor alpha stimulates 
cathepsin K and V activity via juxtacrine monocyte-endothelial cell signaling 
andJNK activation. Mol Cell Biochem 367: 65-72. 

17. Matsumoto M, Kogawa M, Wada S, Takayanagi H, Tsujimoto M, et al. (2004) 
Essential role of p38 mitogen-activated protein kinase in cathepsin K gene 
expression during osteoclastogenesis through association of NFATc 1 and PU. 1 . 
J Biol Chem 279: 4.5969-45979. 

18. Pang M, Martinez AF, Fernandez I, Balkan W, Troen BR (2007) AP-1 
stimulates the cathepsin K promoter in R,\WA264.7 cells. (}ene 403: 151-158. 

19. Silvers AL, Bachelor MA, Bowden GT (2003) The role ofJNK and p38MAPK 
activities in UVA-induced signaling pathways leading to AP- 1 activation and c- 
fos expression. Neoplasia 5: 319-329. 



20. Kumar S, Jiang MS, Adams J L, Lee JC (1999) Pyridinylimidazole compound 
SB203580 inhibits the activity but not the activation of p38 mitogen-activated 
protein kinase. Biochem Biophys Res Commun 263: 825-831. 

21. Silvers AL, Finch JS, Bowden GT (2006) Inhibition of UX'A -induced c-Jun N- 
terminal kinase activity results in caspasc-dcpendent apoptosis in human 
keratinocytes. Photochem Photobiol 82: 423^31. 

22. Klotz LO, PeUieux C, Briviba K, Pierlot C, Aubry JM, et al. (1999) Mitogen- 
activated protein kinase (p38-, JNK-, ERK-) activation pattern induced by 
extracellar and intraceUar singlet oxygen and UVA. Eur J Biochem 260: 917- 
922. 

23. Quan T, He T, Kang S, Voorhees JJ, Fisher GJ (2004) Solar ultraviolet 
irradiation reduces collagen in photoagcd human skin by blocking transforming 
growth factor-beta type II receptor/Smad signaling. AmJ Pathol 165: 741-751. 

24. Rhie GL, Shin MH, Seo JY, Choi WW, Cho KH, et al. (2001) Aging-and 
photoaging-dependent changes of enzymic and nonenzymic antioxidants in the 
epidermis and dermis of human skin in vivo. J Invest Dermatol 117: 1212-1217. 

25. Rijken F, Bruijnzeel PL (2009) The pathogenesis of photoaging: the role of 
neutrophils and neutrophil-derived enzymes. J Investig Dermatol Symp Proc 14: 
67-72. 

26. Bernstein EF, Chen YQ, Tamai K, Shcpley KJ, Resnik KS, et al. (1994) 
Enhanced elastin and fibrilin gene expression in chronically photodamaged skin. 
J Invest Dermatol 103: 182-186. 

27. Krutmann J, Schroeder P (2009) Role of mitochondria in photoaging of human 
skin: the defeeti\'e powerhouse model. J Investig Dermatol Symp Proc 14: 44— 
49. 

28. Gilchrest BA, EUer MS, Yaar M (2009) Telomere-mediated effects on 
melanogenesis and skin aging. J Investig Dermatol Symp Proc 14: 25—31. 

29. Kosmadaki M(i, (iilehrest BA (2004) The role of telomeres in skin aging/ 
photoaging. Micron 35: 155 159. 

30. Dong KK, Damaghi N, Picart SD, Markova NG, Obayashi K, ct al. (2008) UV- 
induced DNA damage initiates release of MMP-1 in human skin. Exp Dermatol 
17: 1037-1044. 

31. Bennett BL, Sasaki DT, Murray BW, O'Leary EC, Sakata ST, et al. (2001) 
SP600125, an anthrapvrazolonc inhibitor of jun N-terminal kinase. Proc Nati 
Acad Sci USA 98: 13681-13686. 

32. Troen BR (2006)The regulation of cathepsinK gene expression. Ann.N.Y.A- 
cad.Sci 1068: 165-172. 

33. Kawaida R, Ohtsuka T, Okutsu J, Takahashi T, Kadono Y, et al. (2003) Jun 
dimerization protein2[JDP2), a member of the AP-1 family of transcription 
factor, mediates osteoclast differentiation induced by RANKL. J Exp Med 197: 
1029-1035. 

34. Sharma SM, Bronisz A, Hu R, Patel K, Mansky KC, et al. (2007) MTTF and 
PU.l recruit p38MAPK and NFATc 1 to target genes during osteoclast 
differentiation. J Biol Chem 282: 15921-15929. 

35. QuintaniUa-Dieek MJ, Codriansky K, Keady M, Bhawan J, Runger 'FM (2009) 
Expression and regulation of cathepsin K in skin fibroblasts. Experimental 
Dermatolog>' 18: 596-602. 

36. Lee YK, Cha HJ, Hong M, Yoon Y, Lee H, et al. (2012) Role of NF-KB-p53 
crosstalk in ultraviolet A-induced cell death and Gl arrest in human dermal 
fibroblasts. Arch Dermatol Res 304: 73-79. 

37. Kim SR, Jung YR, An HJ, Kim DH, Jang EJ, et al. (2013) Anti-wrinkle and anti- 
inflammatory effects of active garlic components and the inhibition of MMPs via 
NF-kB signaling. PLoS One 8: e73877. doi: 10.1371. 

38. Shin SVV, Jung E, Kim S, Kim JH, Kim EG, et al. (2013)Antagonizing effects 
and mechanisms of afzelin against UVB-induced cell damage. PLoS One 8: 
e61971. doi: 10.1371. 



PLOS ONE I www.plosone.org 



11 



July 2014 I Volume 9 | Issue 7 | e102732 



